The occurrence of neuroinflammation after spinal cord injury (SCI) is well established, but its function is debated, with both beneficial and detrimental consequences ascribed. A discriminate of the role of neuroinflammation may be the time period after SCI, and there is evidence to favor early neuroinflammation being undesirable, whereas the later evolving phase may have useful roles. Here, we have focused on the inflammatory response in the first 24 hours of SCI in mice. We found elevation of interleukin (IL)-1A and other cytokines and chemokines within 15 minutes to 3 hours of injury. The early neuroinflammation in SCI is likely to be CNS-derived and involves microglia, as demonstrated by in situ hybridization for IL-1A in microglia, by an in vitro model of SCI in which elevation of inflammatory cytokines occurs in the absence of a dynamic source of infiltrating leukocytes, and by the correlation of decreased levels of inflammatory molecules and microglia activity in IL-1A-null mice. Nonetheless, as there are no specific immunohistochemical markers that clearly differentiate microglia from their peripheral counterparts, macrophages, the latter cannot be definitively excluded as participants in early neuroinflammation in mouse SCI. These results of an instantaneous inflammatory response validate approaches to modulate microglia/macrophage activity to improve recovery from SCI.
INTRODUCTION
A prominent consequence of spinal cord injury (SCI) is the upregulation of several families of inflammatory molecules, including cytokines and chemokines (1Y3). The potential sources of these molecules are intrinsic CNS cells, including microglia, and extrinsic leukocytes that are recruited to the site of damage. The sudden upregulation of inflammatory mediators has many potential consequences, including detrimental ones, such as breakdown of the bloodbrain barrier, demyelination, and axonal injury (4Y6). In correspondence with these undesirable actions, systemic treatment with the anti-inflammatory cytokine, interleukin (IL)-10, limited neuronal damage and improved functional recovery after rat SCI (7) . Furthermore, neutralization of the T cell chemoattractant, CXCL10, reduced T cell infiltration and secondary degeneration in SCI (8) . Finally, depletion of peripheral macrophages resulted in improved hindlimb function after SCI in rats (9) .
In contrast to detrimental functions, many aspects of neuroinflammation after SCI may be beneficial, reflecting the role of inflammation as a host defense response to injury or infection. In support of this hypothesis, the application of macrophages (10, 11) or microglia (12) into the lesion site of SCI promoted repair, and some populations of autoreactive T cells conferred neuroprotection against secondary injury after SCI in rats (13) , although this latter finding was not confirmed (14) .
Thus, the role of inflammation after SCI is complex and dichotomous. Important discriminates of whether neuroinflammation is beneficial or detrimental may include the magnitude, duration and location of the insult, as well as the predominant expression of specific neurotrophic or neurotoxic molecules. The time period after SCI may be another criterion, and there is evidence to favor the early phase of neuroinflammation in SCI to be undesirable, whereas the later evolving one may have useful roles (1) . For example, Klusman and Schwab (15) noted that the same cocktail of cytokines delivered into the spinal cord 1 or 4 days after SCI exacerbated inflammation or reduced tissue loss, respectively. Thus, the earliest inflammatory events after SCI require a thorough examination with regard to their evolution and central versus systemic contribution. Although many studies have documented the expression of particular inflammatory molecules in SCI (16Y20), a systematic study that documents the early and temporal evolution of families of inflammatory molecules is lacking, particularly in the mouse. Murine SCI models offer significant advantages for study of neuroinflammation as mutants for particular inflammatory molecules are available to evaluate their specific functional roles.
Here, we have examined the early inflammatory reactions that occur locally after SCI in mice. Our results reveal a very early elevation of cytokines that is short-lived and does not appear to require systemic leukocytes.
Although we did not differentiate macrophages from microglia, the early neuroinflammation probably involves a pivotal response by microglia.
MATERIALS AND METHODS

Animals
Male mice of approximately 3 months of age were used. CD-1 mice (Charles River Laboratories, Montreal, QC, Canada) were used in Figures 1Y7, and IL-1A-null mice
[lsqb]129Sv(ev)/C57Bl/6J mice backcrossed for three generations with B10RIII mice[rsqb] (21, 22) and wild-type B10RIII mice were used for Figures 8 and 9.
Surgical Procedures
Animals were anesthetized with a mixture of ketamine and xylazine (85 and 15 mg/kg intraperitoneally, respectively) and then were immobilized in a stereotactic apparatus. An incision was made in the skin, and the muscle and tissue overlying the spinal column was blunt-dissected away. Using the spiny process of T2 as a landmark, a laminectomy was performed at the level of T3YT4 to expose the spinal cord. A rigid hook was passed under the cord to clear a path so that a modified aneurysm clip with a closing force of 8 g could be applied to produce a moderate degree of injury (23, 24) . Extradural compression of the spinal cord was performed by allowing the clip to slam shut on the cord, producing mechanical damage. The clip was left in place for 1 minute, producing additional ischemic damage. After injury, the clip was removed, and the wound was closed in two layers using nylon suture. The mice were given an intraperitoneal injection of 0.5 mL of saline. Sham animals underwent anesthesia and had their spinal columns exposed at T3YT4, but did not undergo clip compression.
Mice recovered in a room maintained at 27-C and were individually housed. Manual expression of the bladder was required twice daily, and food and water were placed directly in the cage to allow ready access. All experiments were carried out in accordance with Canadian Council of Animal Care guidelines and were approved by the University of Calgary ethics committee.
RNase Protection Assay
CD-1 mice underwent spinal cord compression or sham surgery. After the designated survival time, spinal cords were removed and a 1-cm segment centered around the injury site was homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA was extracted following the manufacturer_s instructions. Eight micrograms of total RNA was used for each lane of the RNase protection assay (RPA). To test for cytokine and chemokine expression, mRNA was assayed using BD RiboQuant template kits for mouse cytokines (mck-2b and mck-3b) (Figs. 1, 2) or chemokines (mck-5c) (BD Biosciences, Mississauga, ON) (Fig. 4) . RPA was performed following the manufacturer_s guidelines (BD Biosciences) as described previously (25) . In brief, the RNA samples were hybridized overnight at 56-C to a radioactively labeled [>-
33 P]UTP probe set. Unhybridized probe was subsequently digested for 1.5 hours with an RNase A and T1 mix (BD Biosciences). The protected fragments were treated with proteinase K (10 mg/mL), extracted with phenol-chloroform, and precipitated in ethanol. Samples were separated on a 5% polyacrylamide gel and analyzed by phosphor imaging (Molecular Dynamics, Sunnyvale, CA). For quantification, values were obtained by densitometry, using ImageQuant (Molecular Dynamics) and expressed relative to the housekeeping genes, ribosomal protein L32 or glyceraldehyde-3-phosphate dehydrogenase. Although there was variability in the intensity of the IL-1A signal across the five specimens analyzed at 30 minutes, its presence at this time point was confirmed in another set of mice (Fig. 2) . IL-6 and IL-1 receptor antagonist (IL-1ra) levels increased after 30 minutes. The levels of cytokines decreased toward sham levels after 24 hours. (B) Tumor necrosis factor-> (TNF->) transcripts were also increased by 30 minutes of SCI in mice. As with the cytokines seen in A, the elevation of TNF-> was short-lived and returned to near-basal level by 24 hours. MIF, macrophage migration inhibitory factor; L32, ribosomal protein L32; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LTA, lymphotoxin-A; TGFA, transforming growth factor-A.
Interleukin-1A ELISA
CD-1 mice underwent compression or sham surgery and survived for 30 or 90 minutes, 3, 6, or 12 hours, or 1, 2, or 7 days. Naive mice were killed without any manipulation. A 1-cm segment of the spinal cord centered around the lesion site was homogenized in 500 KL of PBS buffer containing 2 mmol/L phenylmethylsulfonyl fluoride, 1 Kg/mL of leupeptin, 1 Kg/mL of antipain, 1 Kg/mL of aprotinin, 1 Kg/mL of pepstatin, 0.05% (w/v) sodium azide, and 4 mmol/L EDTA > (26) . The homogenates were lysed for 30 minutes on ice and centrifuged for 1 hour at 13,000 rpm at 4-C. The supernatant was collected and stored at Y80-C. IL-1A protein levels were determined using a mouse IL-1A ELISA kit (Quantikine, catalog number MLB00B; R&D Systems, Minneapolis, MN) as per the manufacturer_s instructions.
In Situ Hybridization Combined With Cell Type Immunohistochemistry CD-1 mice underwent spinal cord compression or served as uninjured sham animals. After survival times of 3 hours (n = 4 for SCI; n = 3 for sham), animals were given an overdose of ketamine and xylazine intraperitoneally and were transcardially perfused with 0.9% cold saline (potassiumsupplemented PBS), followed by 4% paraformaldehyde (PFA) in 0.1 M borax buffer, pH 9.5, at 4-C. Spinal cords were removed, postfixed in the same solution for few days at 4-C and then placed in a solution containing 10% sucrose diluted in 4% PFA/3.8% borax buffer (pH 9.0) overnight at 4-C. The frozen spinal cords were mounted on a microtome (Reichert-Jung, Cambridge Instruments Co., Deerfield, IL), frozen with dry ice, and cut into 20-Km longitudinal and coronal sections. The slices were collected in a cold cryoprotective solution (0.05 M sodium phosphate buffer, pH 7.3, 30% ethylene glycol, and 20% glycerol) and stored at Y20-C.
Immunocytochemistry was combined with in situ hybridization to determine the cell type(s) expressing the IL-1A transcript after SCI. Microglia/macrophages were immunostained with an antibody directed against the ionized calcium-binding adapter molecule 1 (Iba-1) as described previously (22) . The Iba-1 antibody recognizes both microglia and macrophages. After reaction with diaminobenzidine (DAB) to visualize the product, sections were rinsed in potassium-supplemented PBS, mounted on gelatin and poly-l-lysine-coated slides and desiccated under a vacuum for 30 minutes. Sections were subsequently fixed in 4% PFA for 20 minutes and digested by proteinase K (10 Kg/mL in 100 mmol/L Tris-HCl, pH 8.0, and 50 mmol/L EDTA, pH 8.0) at 37-C for 25 minutes. Hybridization of the IL-1A probe with tissue mRNA was then performed as described previously (22) . After hybridization, spinal cord sections were exposed to X-ray films (Eastman Kodak Co., Rochester, NY) at 4-C for 24 hours, dipped into NTB2 nuclear emulsion (Kodak; diluted 1:1 with distilled water), and exposed for 8 to 15 days before being developed and counterstained with 0.25% thionin.
Spinal Cord Slice Culture Preparation
Cultured spinal cord slices were used as an in vitro model of SCI as described previously, as the slicing represents a transection type injury (19). The spinal cords of uninjured adult CD-1 mice were isolated, rinsed in phosphate-buffered saline, and sliced into 1-mm coronal segments using a Stoelting tissue slicer (Stoelting Co., Wood Dale, IL). Mice were not perfused before the isolation of spinal cords. For RNA analysis, 10 slices were placed into 35-mm culture dishes containing 3 ml of Opti-MEM medium with 1% N2 supplement (Invitrogen) and antibiotics (25 U/mL of penicillin and 25 Kg/mL of streptomycin; Sigma-Aldrich, Oakville, ON, Canada). The slices were incubated at 37-C for 3 hours and subsequently rinsed in PBS and homogenized in TRIzol reagent for RNA isolation; the 10 slices were pooled for 1 RNA sample. Slices collected immediately after slicing (time 0) were used as controls. For histologic assessments, slices were collected at times 0, 1, 3, and 6 hours after transection and incubation in culture, rinsed in PBS, fixed in 10% neutral buffered formalin, and embedded in paraffin. Sections were then obtained for immunohistochemistry of N-neuraminic acid (NeuN) (1:200) to identify neurons (27) and for Iba-1 (1:500) to assess the microglial reaction.
Immunohistochemistry and Assessment of Microglial Reactivity in Wild-Type Versus Interleukin-1A-Null Mice
For Figure 8 , a 1-cm segment encompassing the lesion site was embedded longitudinally in paraffin, and 10-Km sagittal sections were cut. Every ninth section (54 Km apart) was stained for Iba-1 as described previously (28) . Sections were rehydrated and rinsed with PBS, followed by antigen retrieval with 10 mmol/L sodium citrate buffer, pH 6.5. Endogenous peroxidase was inactivated using 3% hydrogen peroxide, and slides were treated with 0.25% Triton X-100. After a blocking step, the primary antibody (rabbit antiIba-1) was diluted to 1:500, and sections were incubated overnight at 4-C. Slides were incubated with biotinylated anti-rabbit IgG as a secondary antibody and staining was visualized with ABC reagent (Vectastain; Vector Laboratories, Burlingame, CA) using DAB as the substrate. Sections were analyzed blind for microglia/macrophage activation, as determined by density and morphology of Iba-1-positive cells. In this regard, the uninjured microglia are ramified in shape but become transformed morphologically, with retraction and thickening of processes, to macrophage-like ameboid shaped cells upon injury (20, 29) . In order to obtain a semiquantitative index of the degree of microglia/macrophage activation, all the spinal cord sections containing the central canal were evaluated for each mouse, across the entire section, and this was performed in 6 mice (3 wild-type and 3 IL-1A null) at either 12 or 24 hours of injury (Fig. 8E, F) . For the mice within a given time point, a rank order was then applied, with a score of 1 indicating the mouse with the lowest degree of microglia/macrophage reactivity and with a score of 6 being the most.
RESULTS
Early Elevation of Cytokines in Spinal Cord Injury
The temporal pattern of cytokine expression after clip compression SCI in the mouse was examined. RPAs indicated that at 30 minutes after injury, the first point examined in initial studies, there was an elevation of IL-1> and IL-1A transcripts (Fig. 1A) . The rapid elevation of IL-1> and IL-1A was transient, peaking between 90 minutes and 3 hours of injury and decreasing toward sham levels by 24 hours (Fig. 1A) . Molecules such as IL-1 receptor antagonist (IL-1ra) and IL-6 were induced within 3 hours but were not readily apparent at 30 minutes of injury (Fig. 1A) .
Tumor necrosis factor-> (TNF->) is a pro-inflammatory cytokine that has been implicated in SCI. As the RPA set in Figure 1 did not contain a template for TNF->, we used another RPA set that detected this cytokine. Figure 1B shows that TNF-> transcript was elevated by 30 minutes of SCI, but other cytokines including TNFY>, IL-6, lymphotoxin-A (LTA), and transforming growth factor-As (TGFAs) were not elevated at this time. Because one of our goals was to identify some of the earliest inflammatory molecules expressed in SCI, as well as the timeline of their expression, we addressed whether cytokine transcripts could be detected earlier than 30 minutes of SCI. Thus, samples were taken from mice 15 minutes after SCI, the earliest time point at which it was practical to inflict injury and subsequently remove injured tissues. RPA was used for analysis. The results show that transcripts for IL-1> and IL-1A ( Fig. 2A) and for TNF-> (Fig. 2B) were elevated by 15 minutes of injury.
We quantified the levels of IL-1A transcripts after SCI (Fig. 3A) and determined whether transcript elevation was also reflected in protein expression. We chose to focus on IL-1A as our intention was to subsequently analyze SCI responses in IL-1A-null mice. Using an ELISA to measure IL-1A content in homogenates of spinal cord tissues, we found a noticeable elevation of IL-1A above sham levels by 90 minutes and 3 hours after SCI, which became statistically significant at 6 and 12 hours of injury (Fig. 3B) . Levels decreased by 24 hours and remained low at 7 days after SCI, which was the longest time point assessed. The wave of IL-1A protein expression was thus delayed compared with that of the RNA transcript (Fig. 3C) , reflecting the progression from gene transcription to translation of protein.
Chemokines Are Also Upregulated Early After Spinal Cord Injury
As our interest was in early neuroinflammation in SCI, we analyzed the expression of chemokines as these help to regulate the infiltration of leukocytes into the CNS. were elevated above sham levels, and they remained elevated for the 24 hours of study (Fig. 4A) . Not all chemokines were similarly regulated by SCI, as an increase in CCL5 (regulated upon activation, normal T-cell expressed and secreted [RANTES]) was observed after only 90 minutes to 3 hours of injury. Further examination by RPA noted that CCL2, CCL3, CCL4, and CXCL2/3 were also increased by 15 minutes of injury (Fig. 4B) .
Microglia Are the Likely Early Source of Interleukin-1A in Spinal Cord Injury
We examined IL-1A transcript localization using combined in situ hybridization and immunocytochemistry at 3 hours after SCI. Although no IL-1A-expressing cells were detected in sham-operated mice, cells that express IL-1A mRNA were detected around lesions. These cells stained positively for Iba-1, a microglia/macrophage marker. Not all Iba1-labeled cells expressed the IL-1A signal, but cells that expressed this cytokine were positive for Iba-1 at the 3-hour time point (Fig. 5) . As blood-derived macrophages are known to infiltrate the parenchyma of the injured . Spinal cord injury (SCI) in culture. Cultured spinal cord slices were used as an in vitro model of SCI as described elsewhere (19). Slices collected immediately after slicing (time 0) were used as controls, and these displayed healthy neurons (A) and microglia (E) as labeled by N-neuraminic acid (NeuN) and ionized calcium-binding adapter molecule 1 (Iba-1), respectively. By 1 hour after transection, the neurons began to shrink in size and to retract their processes (B). Further incubation at 3 and 6 hours resulted in progressive loss of neurons (C, D). For microglia, signs of activation were detected by 1 hour after transection (F), whereby cells had thicker processes that were less ramified than controls. Over time, the microglia became progressively more amoeboid, and cell number was reduced (G, H). The in vitro slice culture model of SCI shared features with the in vivo models of injury, including neuronal loss and microglial activation over time. Original magnification: 40Â.
brain only by 5 hours after traumatic brain injury (30), our results suggest that microglia within the CNS are the main source of IL-1A mRNA in the acute phase of SCI. However, as Iba-1 cannot discriminate between microglia and macrophages, the latter cannot be positively excluded as sources of IL-1A in our study. Recently, however, during the course of the revision of this manuscript, Pineau and Lacroix (31) reported data from SCI in chimeric mice in which green fluorescent protein (GFP)-expressing hematopoietic stem cells were transplanted 6 months earlier after bone marrow irradiation. In these chimeric mice, at 1 hour after SCI, the cells expressing IL-1A were not GFP-positive, supporting CNS cells rather than infiltrating leukocytes as sources of inflammatory molecules early after injury.
Inflammatory Molecules Are Expressed by Intrinsic CNS Cells After Spinal Cord Injury in the Absence of a Peripheral Blood Source
To further dissociate infiltrating macrophages from microglia as the early cellular sources of IL-1A and other inflammatory molecules after SCI, it would be ideal to have a model of SCI in which no leukocytic infiltration occurs. In this regard, the spinal cord slice culture provides a solution (19). The slicing of the spinal cord acts as a transection injury, and the time in culture correlates with the time after injury. Figure 6A and E represents healthy neurons and microglia, respectively, in the spinal cord immediately after slicing (time 0). Over 1, 3, and 6 hours, neurons in the spinal cord became pyknotic with shrunken nuclei, the processes of neurons disappeared, and the neuronal density declined, indicating continuous death (Fig. 6BYD) . Correspondingly, microglia transformed from a ramified morphology that is typical of resting microglia and acquired shorter thicker processes (Fig. 6FYH ) that are indicative of activated microglia. The density of microglia also decreased noticeably by 3 and 6 hours of injury. RPA was used to determine the levels of transcripts encoding cytokines and chemokines. We focused on samples collected 3 hours after in vitro SCI, as these would represent the result of RNA changes that evolved over that period of time, corresponding with the significant evolution of inflammation in vivo as described in Figures 1 through 4 . Although there was no measurable cytokine or chemokine expression, except for IL-18, in the control specimens collected at time 0, there was an upregulation of IL-1>, IL-A, IL-6, IL-1ra, MCP-1, MIP-1>, MIP-1A, and MIP-2 in the injury specimens (Fig. 7) . These results demonstrate that cells within the spinal cord are sufficient to mount an inflammatory response, similar to that observed in the in vivo clip compression SCI, in the absence of a blood source and potential infiltrating peripheral leukocytes. Likely sources of inflammatory molecules in the in vitro SCI model are microglia, which is supported by the morphologic evidence of their activation.
The Magnitude of the Early Inflammatory Changes Is Correlated With the Degree of Microglia/Macrophage Reactivity to Injury
To further establish the role of microglia/macrophage as sources of early neuroinflammation in SCI, it would be desirable to compare groups of mice with differing degrees of microglial/macrophage activation after SCI. In this regard, we took advantage of two strains of mice that our preliminary observations had indicated mounted microglia/ macrophage responses of differing degrees after SCI: wildtype mice on the B10RIII strain and IL-1A-null mice initially on a 129Sv(ev)/C57Bl/6J background and then backcrossed for three generations with B10RIII mice. Figure 8A and B illustrates the status of microglia in sham controls of WT and IL-1A-null mice and emphasizes the fact that the morphology of the Iba-1-stained ramified microglia is similar in both genotypes under resting conditions. One day after clip compression SCI, microglia/ macrophage activation was evident in the wild-type spinal cord and was represented by a reduced number of ramified cells with processes that, when present, were thick and less branched, and by an increase in the size of many Iba-1-stained nuclei (Fig. 8C) . In contrast, in sections from IL-1A-null mice, several microglia/macrophages were still ramified in appearance, and nuclei size was still similar to that of sham controls (Fig. 8D) . A blinded analysis of the degree of Iba-1 reactivity was conducted for all six mice at both 12 and 24 hours after SCI, and the rank order shows increased microglia/macrophage reactivity in the wild-type compared with the IL-1A-null mice (Fig. 8E, F) .
Other groups of mice underwent spinal cord clip compression injury, and the levels of inflammatory molecules expressed within the injured spinal cord were examined using RPA. Figure 9 shows that cytokine transcript levels were increased within 3 hours after SCI compared with levels in sham-operated mice. At both 3 and 12 hours after SCI, the levels of IL-1>, IL-1A, IL-6, and IL-1ra were reduced in the IL-1A-null mice compared with their wildtype counterparts. Cytokine levels in sham animals did not differ significantly between wild-type and IL-1A null mice.
These results thus show a correspondence between the extent of microglia/macrophage reactivity and the elevation of inflammatory cytokines, further supporting the role of wild-type and IL-1A-null mice to examine microglia/macrophage activation. There was no difference in microglia/macrophage morphology between uninjured sham wild-type (A) and IL-1A-null mice (B). Twenty-four hours after SCI, wild-type mice (C) showed greater microglia/macrophage activation adjacent to the lesion site compared with IL-1A-null mice (D), with respect to a less ramified morphology, more amoeboid cells, thicker processes, and larger nuclei. Similar areas in sham controls (A, B), and areas immediately adjacent to the lesion (C, D) are shown. Iba-1 stained sections from spinal cords at 12 (E) and 24 hours (F) after SCI were ranked blindly for microglia/macrophage activation, on the basis of density and morphology. Sections from six animals at each time point were ranked from 1 to 6, for which 1 indicated the section with the least microglia/ macrophage activation and 6 indicated the section with the most activation. At both 12 and 24 hours after injury, sections from wild-type mice tended to score higher rank numbers compared with sections from IL-1A-null mice. Original magnifications: (AYD) 40Â. microglia/macrophage in mediating early neuroinflammation in mouse SCI.
DISCUSSION Early Neuroinflammation in Spinal Cord Injury
In this report, we have documented the early neuroinflammation occurring in a mouse model of SCI. A systematic study of the evolution of neuroinflammation in SCI is lacking in this species, in contrast to the more commonly studied rat models, and such information is a prerequisite to taking advantage of knockout and transgenic technologies. Furthermore, mice display several differences from rats in their inflammatory reactions after SCI, including the onset and magnitude of lymphocyte and dendritic cell infiltration after injury (32) . In addition, mice also do not have the cystic cavity that forms at the injury site after SCI in rats. Instead, a connective tissue matrix fills the injury site in the mouse.
We find that transcripts encoding IL-1A, IL-1>, TNF->, and chemokines are elevated within 15 minutes after SCI in mice. Other cytokines are also increased (IL-6, TNF->, and LTA), but they lag behind temporally in expression. The rise of cytokines is transient as levels return to basal by 24 hours. These results in mice match the transient elevation of inflammatory cytokines after spinal cord injury in rats (20, 33) or humans (34) , thus establishing the fact that a shortlived burst of inflammatory cytokines is a feature of SCI across several species. In contrast to cytokines, we find that the expression of chemokines is more prolonged and still apparent at 24 hours, although levels at 24 hours are lower than those at 90 minutes or 3 or 6 hours.
It is important to point out that there probably is expression of many inflammatory molecules in the spinal cord of normal mice, albeit at low or undetectable levels. Credence is given to this suggestion by the result that if the exposure time of the RPA gels is increased, as denoted by increased intensity of the housekeeping genes L32 and GADPH in corresponding gels, then the lack of signal for IL-1A (Fig. 1A) or chemokines (Fig. 4A ) in sham mice results in detectable bands (Figs. 1B, 4B, respectively) . The point of emphasis is that the low or undetectable levels become readily apparent because of elevated expression upon injury to the spinal cord.
With respect to the cellular sources of inflammatory cytokines early after mouse SCI, the systemic leukocytes FIGURE 9. Cytokine expression was decreased in mice with less microglia activation. Using RNA samples from wild-type (WT) and interleukin (IL)-1A-null (null) mice at 3 and 12 hours after spinal cord injury (SCI), RNase protection assay showed that expression levels of the cytokines IL-1A, IL-1>, IL-1 receptor antagonist (IL-1ra), and IL-6 increased after SCI, but IL-1A-null mice showed reduced expression. Values were obtained by densitometry and were expressed relative to ribosomal protein L32. n = 3 for each sham group; n = 4 for each 3-hour and 12-hour group. * p G 0.05; ** p G 0.01; *** p G 0.001, WT compared with null at each time point (two-tailed unpaired Student t-test). MIF, macrophage migration inhibitory factor; GADPH, glyceraldehyde 3-phosphate dehydrogenase.
that infiltrate into the CNS after an insult are obvious candidates. However, these leukocytes are not thought to infiltrate the CNS in the early hours after SCI. A small number of neutrophils can be detected in the injured rat spinal cord by 4 hours after a contusion injury, but peak numbers of these cells are seen only at 24 hours or later in both rats and mice (35Y37). A few peripheral macrophages can be found as early as 5 hours after CNS injury, but peak detection occurs in the parenchyma at 2 to 7 days (3, 30, 32, 37) . T lymphocytes do not infiltrate the injured mouse spinal cord until 2 weeks after injury (32) .
In view of the delayed entry of leukocytes into the CNS after SCI, the early rise in inflammatory molecules would logically be the result of expression by CNS-intrinsic cells. In agreement and by using in situ hybridization to detect IL-1A expression in vivo, we found that IL-1A-expressing cells at 3 hours of injury are Iba-1-positive microglia (Fig. 5) . The CNS source of inflammatory cytokines is emphasized by the slice culture studies in which the rise in inflammatory molecules at 3 hours within the spinal cord occurs despite the lack of a peripheral blood supply that would be the source of cytokine-expressing leukocytes. However, as mice were not perfused before dissection of the spinal cord, we cannot exclude the possibility that a few leukocytes were trapped in the vasculature of the explanted tissue, and these then produced the inflammatory molecules detected in vitro. Recently, Pineau and Lacroix (31) reported that in chimeric mice in which hematopoietic cells but not neural cells express GFP, IL-1A cells detected in the injured spinal cord at 1 hour of insult were not GFP-positive, supporting our contention that CNS cells rather than infiltrating leukocytes are sources of inflammatory molecules early after injury. These collective data support the notion that cells intrinsic to the CNS, particularly the microglia, orchestrate the inflammatory response that occurs in the acute phase of SCI.
We note that others have proposed neurons and astrocytes as being potential sources of inflammatory molecules early after SCI. For example, in a weight drop model that inflicts injury to the mouse spinal cord, Yang et al (33) showed that immunohistochemically identified TNF-> is localized to neurons at 1 hour postinjury. In an impact injury to the rat spinal cord, the activation of nuclear factor-JB, which regulates the transcription of several cytokines and cytokine-responsive genes, was demonstrated in microglia and endothelial cells by 30 minutes, whereas neuronal expression was evident at 24 hours (38) . In contusion injury to the mouse spinal cord, astrocytes and microglia were reported to express inflammatory molecules by 1 hour (31) . Thus, neural cell types other than microglia can contribute particular cytokines early after SCI.
Levels of Inflammatory Cytokines Are Near Basal Levels at 24 Hours After Mouse Spinal Cord Injury
Systemic leukocytes will subsequently infiltrate the lesioned spinal cord and are abundant at 24 hours as noted above. Thus, it is noteworthy in our study that at 24 hours after clip compression SCI in the mouse, the expression of inflammatory cytokines is already decreasing to near basal levels by the time many peripheral leukocytes arrive in the spinal cord tissue. Furthermore, microglia and other CNS cell types can potentially continue to express inflammatory mediators at this juncture, but our results indicate that they may not. Although we must consider the possibility that the technique of RPA is insensitive to detect low levels of RNA changes, the results indicate that the injured CNS environment at 24 hours and longer has low levels of cytokine expression despite the presence of activated cells, including leukocytes. Why is there low or no detectable expression of inflammatory cytokines at 24 hours of injury? The reason remains speculative, but it is possible that systemic leukocytes and CNS-intrinsic cells are at the lesion site to fulfill roles other than their production of inflammatory cytokines. Indeed, there is increasing recognition of the fact that there are different functional states of microglia/macrophages, such that one that is performing a phagocytic role or generating free radicals may be without a role in the production of inflammatory cytokines. In support of this hypothesis, the treatment of microglia with glial-derived neurotrophic factor increased nitric oxide production and phagocytic activity but was without effect on the secretion of IL-1A and TNF-> (39). The blockade of the Kv1.3 channel in microglia attenuated their neurotoxic property but not the elaboration of nitric oxide (40) . Furthermore, the production of CCL3 and phagocytosis in microglia are regulated through different signaling cascades (41) . Overall, our results invite the analyses of endogenous mechanisms that prevent the generation of inflammatory cytokines at 24 hours after SCI, when leukocytes and activated neural cells are in abundance at the lesion site; the elevation of IL-1ra corresponding with a reduction in IL-1A content would support this concept. The functional consequence of recovery from SCI when the expression of inflammatory cytokines is prolonged or shortened would also be important to resolve.
There have been reports in mouse spinal cord injury of the relationship between the strain of mice, extent of neuroinflammation, susceptibility to other inflammatory conditions, and lesion volume or recovery. With use of four mouse strains, the magnitude of inflammation occurring in the contused spinal cord from 6 hours to 42 days postinjury was found to be related to the susceptibility of each strain to experimental autoimmune encephalomyelitis, an inflammatory animal model of multiple sclerosis (35) , but degree of inflammation did predict the degree of functional recovery (32) . Clearly, much remains to be understood of the functions of neuroinflammation in SCI. It is possible that the type of SCI, such as contusion, transection, or ischemic damage, may differentially alter the degree of neuroinflammation. A systematic comparison of the extent of neuroinflammation across different SCI models does not currently exist in the literature, however.
Promotion of Neuroinflammation in Spinal Cord Injury
At the first time point (15 minutes) at which it is convenient to remove spinal cord tissue for analyses, levels of IL-1A, IL-1>, and TNF-> are already elevated (Figs. 1, 2) . It is possible that one or more of these cytokines may then go on to regulate the expression of other inflammatory molecules in the injured spinal cord. Indeed, the possibility that IL-1A may control the expression of other molecules in SCI is suggested by the lower levels of several cytokines in the IL-1A-null mice compared with wild-type mice. Whether the IL-1A regulation of other inflammatory molecules occurs more generally in other neurodegenerative conditions in which microglial activation is a feature is unclear. However, we urge caution in extending the interpretation of the results of the null mice as they were generated on three generations of B10RIII [129Sv(ev)/C57Bl/6J prior] compared with the purebred B10RIII wild-type mice. Future studies will need to be conducted on identical mice strains before we can be confident in addressing whether the loss of IL-1A results in reduced expression of other molecules. For the current work, we deem it valid to use the IL-1A null and wild-type mice to determine whether a differential macrophage/macrophage response would result in an altered cytokine profile, as the focus is on the relationship between microglia/macrophage and inflammatory molecules.
There is an extensive literature on the bidirectional regulation between the cytokine and chemokines families and among specific cytokine pairs (42) . Thus, once the CNS has upregulated a specific cytokine or chemokine, this upregulation can unleash a cascade of subsequent inflammatory responses. In support of this finding, in mice that are deficient for the IL-1 type I receptor, the levels of several pro-inflammatory molecules after a penetrating brain injury are diminished (43) . These authors suggested a feedback loop in which the IL-1 that is released by microglia acts back on these cells to cause further stimulation and the production of other molecules (43) . After a weight drop injury to the spinal cord, mice deficient for IL-1 and TNF-> receptors have diminished levels of IL->, IL-1A, and TNF-> 4 hours after the insult (19). Thus, it will be challenging to identify the master regulator of neuroinflammation after SCI, given the extensive cross-regulation between inflammatory molecules.
Conclusion
In conclusion, our experiments represent the first systematic examination of changes in families of inflammatory molecules in SCI in mice. We detected several cytokines and chemokines within minutes after SCI. Cells intrinsic to the CNS appear to be responsible for this early inflammatory response, and microglia emerge as a pivotal cell type in the regulation of the early neuroinflammation in SCI. Nonetheless, the macrophage could not be excluded as the source of inflammatory molecules early in SCI as the Iba-1 marker does not discriminate between microglia and macrophages and we did not use additional in vivo experiments, such as bone marrow chimeras, to discriminate blood-borne cells. The elevation of inflammatory cytokines is short-lived and resolves by 24 hours of SCI despite the significant presence of leukocytes and activated neural cells at this juncture. These results contribute to our understanding of the acute phase of neuroinflammation after SCI so that future experimenters may manipulate the inflammatory response to allow better recovery from the insult.
